O'Donnell JM, Fields A, Xu X, Chowdhury SA, Geenen DL, Bi J. Limited functional and metabolic improvements in hypertrophic and healthy rat heart overexpressing the skeletal muscle isoform of SERCA1 by adenoviral gene transfer in vivo. Am J Physiol Heart Circ Physiol 295: H2483-H2494, 2008. First published October 24, 2008 doi:10.1152/ajpheart.01023.2008.-Adenoviral gene transfer of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)2a to the hypertrophic heart in vivo has been consistently reported to lead to enhanced myocardial contractility. It is unknown if the faster skeletal muscle isoform, SERCA1, expressed in the whole heart in early failure, leads to similar improvements and whether metabolic requirements are maintained during an adrenergic challenge. In this study, Ad.cmv.SERCA1 was delivered in vivo to aortic banded and shamoperated Sprague-Dawley rat hearts. The total SERCA content increased 34%. At 48 -72 h posttransfer, echocardiograms were acquired, hearts were excised and retrograded perfused, and hemodynamics were measured parallel to NMR measures of the phosphocreatine (PCr)-to-ATP ratio (PCr/ATP) and energy substrate selection at basal and high workloads (isoproterenol). In the Langendorff mode, the rate-pressure product was enhanced 27% with SERCA1 in hypertrophic hearts and 10% in shams. The adrenergic response to isoproterenol was significantly potentiated in both groups with SERCA1.
sarco(endo)plasmic reticulum Ca 2ϩ -ATPase; glucose oxidation; fatty acid oxidation; phosphocreatine-to-ATP ratio; myocardial energy potential THE CHANGES in intracellular Ca 2ϩ handling reported for the failing myocardium have been linked to sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA). Calcium uptake into the sarcoplasmic reticulum (SR) by SERCA determines the rate of calcium removal for relaxation, the SR calcium content, and calcium released for contractions (33, 45) . In the failing heart, it has been proposed that SERCA contributes to reduced contractility and relaxation as the activity and number of these calcium transporters are reduced and calcium transients are blunted and slow to decay (1, 3, 12) . Increasing the number of active transporters by adenovirus-mediated gene transfer of SERCA2a resulted in improved cardiac function and survival in several models of heart disease (7, 8, 23, 34) . Despite extensive examination as to how these changes affect cardiac function, little is known regarding the subsequent effect on cardiac metabolism (8) . If contractility improves without a sustained energy supply, the benefits of SERCA overexpression could be limited, particularly under conditions of stress.
The balance between energy supply and demand is mediated, in part, by calcium. As a key regulator of mitochondrial dehydrogenase activity, calcium plays a crucial role in balancing both the rates and selection of carbohydrate and fatty acid oxidation (13, 26) . Whether altering calcium homeostasis with SERCA overexpression affects energy substrate metabolism (carbohydrates versus fatty acids) in the failing heart is unknown. Interestingly, it has been reported that the expression of SERCA2 in nonfailing transgenic mice led to a shift in substrate selection from fats to glucose metabolism (2) . The potential for this shift in the failing heart could be advantageous (10, 11) . Comparable drug therapies (ranolazine and trimetazine) designed to shift the balance of substrate oxidation toward greater glucose oxidation in the failing myocardium led to enhanced function and an increase in the myocardial energy potential [phosphocreatine (PCr)-to-ATP ratio (PCr/ATP)] (10, 51, 58) .
Indeed, a previous study (8) reported that overexpression of the SERCA2a isoform in the aortic banded rat model of cardiac failure lead to an increase in PCr/ATP at basal workloads. However, in that study, glucose was provided as a sole substrate, and the PCr/ATP ratio was, in fact, depressed in nonfailing hearts overexpressing SERCA2a. In the present study, we assessed the substrate selection and energy state (PCr/ATP) from both healthy and hypertrophic hearts [left ventricular (LV) pressure-overload hypertrophy (LVH)] and provided a more physiological selection of substrates (glucose and palmi-tate) at both basal and high workloads (␤-adrenergic challenge). While the increase in SERCA content may enhance calcium handling and contractile force at basal workloads in the failing heart, it is not known if any improvement in PCr/ATP observed at basal workloads with SERCA overexpression could be sustained at higher workloads.
Importantly, in this study, we overexpressed the skeletal muscle isoform of SERCA (i.e., SERCA1) in healthy and failing hearts in vivo. Compared with the cardiac isoform (SERCA2a), SERCA1 is not regulated by phospholamban (44) ; it has a higher activity and a twofold greater calcium uptake relative to SERCA2a (5, 19) , and it is also more resistant to oxidative stress (61) and acidosis (63) . Overexpressing this isoform in isolated rat cardiomyocytes and transgenic mice resulted in a two-to fourfold increase in the rates of Ca 2ϩ transport activity and increased tension development (5, 19, 25) . In addition, isolated human cardiomyocytes from end-stage failing hearts overexpressing the SERCA1 isoform showed markedly improved contractile function (62) . Whether these findings translate to the intact functioning heart in failure is unknown.
The aim of this study was to assess cardiac metabolism parallel to measures of cardiac function in healthy and hypertrophic hearts (aortic banded, 10 -12 wk) 48 -72 h after SERCA1 gene transfer. The metabolic response was assessed in the isolated heart preparation based on 31 P NMR spectroscopy analysis of energy potential (PCr/ATP) and 13 C NMR analysis of substrate selection, tricarboxylic acid (TCA) cycle flux, and metabolite exchange between the mitochondria and cytosol [␣-ketoglutarate (␣-KG)-malate transport]. Cardiac function was measured both in vivo (echocardiograms) and ex vivo (isolated heart preparation). Based on previous transgenic mice data and isolated cardiomyocyte data for SERCA1, we hypothesized that function would be enhanced parallel to a shift away from fatty acid oxidation in all hearts overexpressing SERCA1. We repeated our study under conditions of an adrenergic challenge to determine if any further increase in function could be achieved and energy supplies sustained. Indeed, the results of this study demonstrate enhanced function and sustained energy potential with SERCA1 expression. However, careful examination of the data revealed important and unexpected limitations.
METHODS
Pressure-overload hypertrophy. Cardiac hypertrophy from LVH was induced by constricting the transverse aorta (hemoclip) of 3-wkold male Sprague-Dawley rats as previously described (27, 42, 50) . This banding procedure relies on the natural growth of the animal to produce a gradually increasing degree of aortic constriction. The rats develop a concentric hypertrophy and increased heart-to-body weight ratio, which is associated, in the short term, with improvement in the systolic function of the heart (27, 42, 46, 48, 60) . At 10 -12 wk postbanding, the animals enter a decompensated stage with depressed LV developed pressure (LVDP) and dP/dt. In this model of LVH, no systemic activation of the sympathetic nervous system or of the renin-angiotensin-aldosterone system occurs (46) . Consequently, there are no signs of cardiac lesions, peripheral arteritis, myocardial necrosis, or extensive fibrosis. The rats progress to a dilated cardiac hypertrophy with acute end-stage heart failure at 4 -6 mo postbanding. Sham (SHM) groups underwent similar surgery without the placement of the aortic band. SERCA1 and LacZ gene transfer in vivo. The recombinant first generation adenovirus Ad.cmv.LacZ (Clontech) with a ⌬E1/⌬E3 deletion and encoding for ␤-galactosidase under control of the cytomegalovirus (CMV) promoter was used to establish gene transfer efficiency. An adenovirus expressing the skeletal muscle SERCA1 gene (a generous gift from Dr. G. Inesi) under a CMV promoter and coexpressing the c-myc tag (for Western blot analysis) was used to modulate cardiac function (18, 52) . As previously described, viruses were amplified (10 12 viral particles/ml), purified by standard techniques, and dialyzed in PBS before being used (36, 38) . Control groups underwent a similar surgical procedure with PBS injection replacing the adenovirus. The decision not to use an adenovirus base reporter gene control is discussed in the DISCUSSION in Limitations.
Adenoviral delivery in vivo. At 10 -12 wk postbanding, adenoviruses carrying cDNA for SERCA1 (or PBS control) were delivered to the heart in vivo by coronary perfusion as described in our previous reports (36, 38) with the following modifications. All vessels to/from the heart were cross-clamped simultaneously, and the heart was retrograde perfused in vivo for 7 min with calcium-free Tyrode solution through catheters position in the aortic root (delivery) and right ventricle (efflux). At the time of adenovirus injection, 0.2 ml of AdV.cmv.SERCA1 (10 12 viral particles/ml) were first delivered through the catheter position in the aortic root. This allowed the adenoviruses to circulate down the coronary. Next, the efflux catheter positioned in the right ventricle was removed, and an additional 0.5 ml/kg of adenovirus (ϳ0.2 ml) were delivered to the aortic root at 300 Ϯ 100 mmHg of peak pressure. After 90 s, catheters were repositioned in the right and left ventricles, and unsequestered virus was flushed from the heart with Krebs buffer containing calcium (1.5 mM). The heart rate recovered, the cross-clamp was removed, the chest was closed, and the rats recovered. After 48 -72 h, hearts were excised for the analysis of SERCA expression (Western blots), metabolic experiments ( 31 P and 13 C NMR), and functional measurements (in vivo and ex vivo) according to the protocols below.
The gene delivery technique, referenced above, was reported and confirmed earlier by following the delivery and expression of Ad. cmv.LacZ in the whole intact nonfailing rat heart (36, 38) . In the present study, the gene delivery technique was confirmed in a subset (n ϭ 3 for each group) of SHM and aortic banded rat hearts receiving a similar dose of Ad.cmv.LacZ (10 12 viral particles/ml) or PBS. Three days after LacZ gene transfer in vivo, hearts were excised, stained for ␤-galactosidase expression, and photographed (see Fig. 2 ) as previously described (36, 38) . The transfer and expression of the exogenous SERCA1 gene were verified in the heart by Western blot analysis.
Protein expression of SERCA2, SERCA1, and calsequestrin. Seventy-two hours after Ad.cmv.SERCA1 or PBS delivery to coronaries in vivo, SHM and aortic banded rat hearts were excised and retrograde perfused with a bolus of PBS to flush blood from the coronaries/ ventricles. Hearts were then freeze clamped for Western blot analysis. Because the exogenous gene is heterogeneously expressed throughout the heart (9, 36, 38) , whole ventricles were pulverized via a pestle and mortar, and 0.25 g of the sample were homogenized for 1 min (4 ϫ 15 s) in 1.5 ml of ice-chilled RIPA buffer [0.5 mM Tris ⅐ HCl, 1.5 mM NaCl, 2.5% deoxycholic acid, 10 mM EDTA, 0.1% SDS, 1% Nonidet P-40, 10% glycerol, 1% Triton X-100, and 10 l/ml protease inhibitor (SIGMA P8340)]. Homogenates were then rocked on ice for 1 h followed by centrifugation at 3,000 rpm for 20 min at 4°C. The pellet was discarded, and the protein concentration of the supernatant was determined (BCA protein assay). Equal sample volumes of homogenate (100 l) and 2ϫ Laemmli sample buffer (Bio-Rad) were combined, and 1 M DDT was added. Samples were vortexed for 3-12 h at 4°C followed by centrifugation at 14,000 rpm for 20 min at 4°C.
The supernatant protein was loaded (30 g SERCA2 and 50 g SERCA1) onto minielectrophoresis gels (4 -12% Bis-Tris NuPAGE Gel, Invitrogen) and run at 150 V for 1.5 h. Separated proteins were transferred to a polyvinylidene difluoride membrane in transfer buffer (Invitrogen NUPAGE) with 1% SDS added and methanol excluded. The transfer was run overnight at 30 V and 4°C. Membranes were blocked using washing buffer (0.5% Tween and 5% milk for 1 h) followed by an incubation with monoclonal anti-SERCA2 antibody (1:2,000 Affinity BioReagent no. MA3-919), monoclonal anti-c-Myc epitope tag (for SERCA1; 1:1,000, Affinity BioReagents no. MA1-980), and monoclonal anti-calsequestrin antibody (1:2,500, PA1-913). Calsequestrin was used as an internal protein content reference (30, 47) . Membranes were then washed and incubated with secondary antibody for 1 h at room temperature [1:100,000 for c-myc (i.e., SERCA1) and 1:50,000 for SERCA2 and calsequestrin] (goat antimouse horseradish peroxidase-conjugated antibody, Pierce). Protein bands were visualized after enhanced chemiluminescence treatment (Pierce ThermoScientific). The total amount of SERCA protein (SERCA1 ϩ SERCA2) was determined in triplicate using serial dilutions of proteins (40, 60 , and 80 g) loaded and run on 4 -12% separating gels and Coomassie blue stained as previously described (29, 52) . Relative changes in total SERCA content were assessed by densitometry analysis of band intensities. The SERCA band was identified with reference to the band positions indicated by Western blot analysis.
Echocardiography. Echocardiographic measurements were made 48 -72 h after adenoviral gene transfer of SERCA1 or PBS delivery in both SHM controls and hypertrophic rat hearts before the excision for NMR experiments. Transthoracic M-mode and two-dimensional echocardiography were performed with an Acuson 256 with a 15-MHz linear-array transducer (15L8). The M-mode cursor was positioned perpendicular to the interventricular membrane and posterior wall of the LV in the parasternal short axis at the papillary muscle level. M-mode images were obtained for measurements of wall thickness and chamber dimensions.
Isolated retrograde-perfused rat hearts. Hearts were excised at 48 -72 after gene transfer and perfused in retrograde fashion with modified Krebs-Henseleit buffer as previously described [116 mM NaCl, 4 mM KCl, 1.5 mM CaCl 2, 1.2 mM MgSO4, and 1.2 mM NaH2PO4 equilibrated with 95% O2-5% CO2 with 0.4 mM of unlabeled palmitate/albumin complex (3:1 molar ratio) and 5 mM glucose] (27, 42, 50) . The hydrostatic perfusion pressure was 100 cmH2O, and a water-filled latex balloon in the LV set to a diastolic pressure of 5-10 mmHg was connected to a pressure transducer and provided hemodynamic recordings (Powerlab, ADInstruments, Colorado Springs, CO). LVDP, ϮdP/dt, and HR were continuously recorded. Perfused hearts were maintained at 37°C and positioned in a NMR spectrometer for metabolic measurements.
NMR spectroscopy. Perfused hearts were positioned in a 20-mm NMR probe within a vertical 89-mm bore, 9.4-T magnet. NMR data from isolated beating hearts were obtained with a Bruker 400 AVANCE NMR spectrometer (Bruker Daltonics, Billerica, MA).
31 P and 13 C NMR measurements were acquired by previously described methods (35, 42, 50) . 13 C NMR spectra were collected in 2-min time blocks over the 40-min protocol, and 31 P NMR spectra were each collected over 2-min intervals. In vitro 13 C NMR analysis was performed on spectra from heart tissue extract at 14.1 T as previously described (32, 42) .
Experimental protocols. The protocol is shown in Fig. 1 . Isolated hearts were initially supplied buffer containing unlabeled palmitate (complexed to albumin) and glucose to ensure metabolic equilibrium. The energetic state was then monitored by 31 P NMR (PCr and ATP content). This was followed by the collection of 13 13 C-enriched medium was continued for 40 min with the collection of sequential 13 C NMR spectra (every 2 min). At the end of each protocol, a second 31 P NMR spectrum was acquired, and hearts were then freeze clamped for biochemical analysis. 13 C NMR enrichment curves (not shown) were used to assess TCA cycle and ␣-KG-malate transport rates as described below (35, 65, 66) , and tissue extracts were used for highresolution NMR analysis of palmitate oxidation (35, 42, 50) . This protocol assessed function and metabolic rates at basal workloads in the following four groups: SHM_PBS (n ϭ 8), SHM_SR1 (n ϭ 6), LVH_PBS (n ϭ 6), and LVH_SR1 (n ϭ 6), where SR1 represents SERCA1.
A second protocol at high workloads (adrenergic challenge) repeated the first protocol to determine if any changes observed at basal workloads with SERCA1 overexpression could be sustained at high workloads. As described above, isolated hearts were first perfused with unlabeled substrates. Ten minutes before the switch to 13 Cenriched substrates, a ␤-adrenergic challenge was induced with isoproterenol (ISO; 0.01 M). The four ISO groups are identified as follows: SHM_PBS_ISO (n ϭ 7), SHM_SR1_ISO (n ϭ 7), LVH_PBS_ISO (n ϭ 7), and LVH_SR1_ISO (n ϭ 7).
Kinetic analysis of 13 C NMR data. Metabolic flux was determined in intact, hypertrophied and SHM rat hearts ex vivo using a previously described method for kinetic analysis of the progressive 13 C enrichment of glutamate during [
13 C]palmitate and glucose oxidation, as detected via NMR spectroscopy (35, 37, 40, 65, 66) . Our previously described kinetic models were applied for a simultaneous, threeparameter, nonlinear least-squares fit to 13 C-enrichment curves of the 3-and 4-carbon positions of glutamate (MATLAB, MathWorks, Natick, MA) (35, 66) . Solutions to the model gave TCA cycle flux (V TCA) and the interconversion rate between cytosolic glutamate and mitochondrial ␣-KG via the ␣-KG-malate carrier (F1).
Tissue biochemistry. Tissue concentrations of glutamate, aspartate, citrate malate, and ␣-KG from perchloric acid extracts of the frozen LV were determined spectrophotometrically and fluorometrically using previously described assays (65, 66) . The metabolite data were used for the kinetic analysis of 31 P NMR was used to assess energy potential [phosphocreatine (PCr)-to-ATP ratio (PCr/ATP)], and 13 C NMR was used to assess palmitate oxidation, tricarboxylic acid (TCA) cycle rates, and ␣-ketoglutamate (␣-KG)-malate transport.
Statistical analysis. Data are presented as means Ϯ SE unless otherwise stated. Data set comparisons were performed with Student's unpaired two-tailed t-test. Differences in mean values were considered statistically significant at probability levels of Ͻ5% (P Ͻ 0.05).
RESULTS
LacZ, SERCA2, SERCA1, and calsequestrin expression in the heart. Figure 2A shows cross sections from KCl-arrested SHM (left photographs) and LVH rat hearts (right photographs) stained for ␤-galactosidase expression 72 h after PBS (top photographs) or Ad.cmv.LacZ gene transfer (bottom photographs) in vivo. As described by Wright et al. (64) , there was the potential to generate "false positives" for LacZ expression in the heart as a consequence of microinfarctions formed during the intracoronary infusion (rabbit model). In this study, the PBS control hearts from the rats stained for ␤-galactosidase expression ( Fig. 2A, top photographs) showed no signs of false positives. In addition, ␤-galactosidase expression was significant and heterogeneously expressed throughout the heart ( Fig.  2A , bottom photographs) after AdV.cmv.LacZ delivery, in agreement with our previous reports (36, 38) . Importantly, at this stage of the disease, hypertrophic hearts showed the same relative levels of expression compared with SHM hearts.
Western blot analysis for SERCA2a, SERCA1, and calsequestrin are shown in Fig. 2B . Calsequestrin was used as an internal control to verify equal protein loading of the gels (30) . As expected for this early stage of heart failure, there were no differences in endogenous SERCA2a expression between SHM (SHM_PBS) and LVH hearts (LVH_PBS). SERCA2a levels were not expected to drop until late-stage failure in the rat (1). Importantly, adenoviral delivery and expression of SERCA1 cDNA were detected in both SHM (SHM_SR1) and LVH (LVH_SR1) hearts. In addition, densitometry analysis of Coomassie blue staining indicated that the total SERCA content increased 34 Ϯ 15%, and the overexpression of SERCA1 in whole hearts did not coincide with a measurable drop in endogenous SERCA2a levels. This contrasts with the earlier transgenic mouse model and our own cardiomyocyte data (5, 30) . In transgenic mice expressing SERCA1, endogenous SERCA2a expression was reduced by 50% and total SERCA levels increased by 2.5-fold (17, 25, 30) . In cardiomyocytes, total SERCA levels increased by three-to fourfold, whereas endogenous SERCA2a was reduced by 30 -60% (5, 18). There is an important distinction between the cardiomyocyte and present in vivo models. The efficiency of gene transfer to the cardiomyocyte culture was 100%, and the multiplicity of infection (MOI) was 2-4 plaque-forming units/myocyte. In the present in vivo model, the efficiency of infection was ϳ40 -50% (36, 38) , and the MOI to myocytes versus fibroblasts or endothelial cells is unknown. Importantly, despite the lower expression level in vivo, a contractile response was still elicited both in vivo and ex vivo with SERCA1 overexpression.
Echocardiographic measurements. The echocardiographic measurements made 48 -72 h after PBS delivery or adenoviral gene transfer of SERCA1 in both SHM controls and LVH rat hearts are listed in Table 1 . There were no significant differences between SHM groups receiving either coronary perfusion with PBS or Ad.cmv.SERCA1. LV dimensions were similar, as were LV wall thickness and fractional shortening. After 10 wk of aortic banding, LVH_PBS animals showed echocardiographic signs of LVH relative to the SHM_PBS group, as expected, including a significant increase in the LV systolic dimension and a decrease in fractional shortening. These parameters were not reverse with SERCA1 treatment. Importantly, LV diastolic and systolic dimensions increased 10 -15%, whereas fractional shortening was reduced by an additional 17%. The increase in LV dimensions and decrease in fractional shortening in the LVH_SR1 group relative to the LVH_PBS group indicates further LV remodeling with SERCA1 expression in failing hearts in this study.
Cardiac function of isolated hearts. The heart-to-body weight ratio was 6.2 Ϯ 0.5 g/kg for SHM animals and 8.3 Ϯ 1.0 g/kg for LVH animals. Table 2 shows HR, LVDP, and ϩdP/dt for isolated heart preparations at both basal and high workloads (ISO), whereas Fig. 3 shows the rate-pressure product (RPP) and Fig. 4 shows ϪdP/dt. At basal workloads, RPP was depressed by 21% in the LVH_PBS group relative to the SHM_PBS group. This loss was expected for this early stage of heart failure (42, 50) . In addition, relaxation (ϪdP/dt) was also slower in the LVH_PBS group compared with the SHM_PBS group (27, 42, 50) . The slower relaxation of the failing heart has been suggested by some to reflect a slower sequestration of calcium into the SR. With the ␤-adrenergic challenge (ISO), RPP nearly doubled for both SHM_PBS_ISO and LVH_PBS_ISO groups.
Hemodynamic parameters for the SHM group overexpressing SERCA1 (i.e., the SHM_SR1 group) are also shown in Table 2 , Fig. 3 , and Fig. 4 . There was a modest (10%, not significant) increase in the RPP with SERCA1 expression in the SHM_SR1 group relative to the SHM_PBS group. However, ϪdP/dt was enhanced significantly (36% faster). This faster relaxation of the heart after SERCA1 overexpression is consistent with a faster sequestration of calcium by the SR. With the ␤-adrenergic challenge, relaxation (ϪdP/dt) was again enhanced significantly (36% faster) with SERCA1 expression in the SHM_SR1_ISO group compared with the SHM_PBS_ISO group. The SHM_SR1_ISO group also revealed a significantly greater LVDP (25%) relative to the SHM_PBS_ISO group. Therefore, these results demonstrate that the overexpression of SERCA1 in healthy SHM animals results in enhanced function in the isolated, retrograde-perfused rat heart. These findings are consistent with the hypothesis that calcium uptake by the SR is accelerated with the overexpression of SERCA1.
Importantly, the hemodynamic response of the LVH group overexpressing SERCA1 was also enhanced. In LVH_SR1 isolated hearts, the basal RPP was 27% greater than the LVH_PBS group. In fact, the RPP was normalized in LVH hearts (LVH_SR1) relative to the SHM_PBS group. Interestingly, the improvement was accounted for by a significant increase in HR, whereas LVDP was not significantly different, and the relaxation rate (ϪdP/dt) was only modestly enhanced (14%, not significant). With ISO treatment, the RPP was again enhanced in the LVH_SR1_ISO group relative to the LVH_PBS_ISO group (Fig. 3) . Accordingly, function in the LVH_SR1_ISO group was again normalized to the SHM_PBS_ISO group during adrenergic challenge.
31 P NMR spectroscopy (PCr/ATP). Representative 31 P NMR spectra are shown in Fig. 5 . Ratios for PCr/␤-ATP peak areas for all eight groups are shown in Table 3 . PCr/␤-ATP for the SHM_PBS group (1.7) was low compared with the wellestablished ratio of 1.8 -2 reported by our group and others for the isolated retrograde perfused rat heart (41, 56) . This loss is attributed to the invasiveness of the open-chest surgical procedure for gene (or PBS) delivery and agrees with the 31 P NMR data previously reported by other groups using a similar open-chest protocol for gene transfer (8) .
PCr/ATP in SHM animals was sustained during the ␤-adrenergic challenge and with SERCA1 overexpression. This finding shows that even with enhanced contractility, energy demands could still be met in the healthy SHM group overexpressing SERCA. In agreement with previous reports by our group and others (41, 56) , PCr/ATP was lower (20%) in the failing PBS heart relative to SHM_PBS hearts ( Table 3) . The ratio was sustained in the failing-PBS group during the ␤-adrenergic challenge. Failing hearts overexpressing SERCA1 showed a slight, nonsignificant drop in the ratio at baseline despite the enhanced function compared with the failing-PBS group. This energy potential did not change significantly in the LVH_SR1 group during the adrenergic challenge. These findings demonstrate that the overexpression of SERCA1 in the failing heart did not compromise, or improve, the low energy potential despite enhanced function.
13 C NMR analysis of palmitate oxidation. In vitro 13 C NMR analysis of tissue extracts provided the fractional contribution of palmitate to mitochondrial ATP production based on the Values are means Ϯ SD; n, no. of rats/group. The following groups were used: sham-operated (SHM) rats injected with PBS (SHM_PBS), SHM rats injected with adenovirus containing sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 1 (SERCA1) (SHM_SR1), aortic banded {left ventricular (LV) hypertrophic (LVH)} rats injected with PBS (LVH_PBS), and LVH rats injected with adenovirus containing SERCA1 (LVH_SR1). HR, heart rate; LVDd, LV end-diastolic dimension; LVSd, LV end-systolic dimension; FS, fractional shortening; Vcf, velocity of circumferential shortening; LVPWD, LV posterior wall thickness at diastole; LVPWS, LV posterior wall thickness at systole. *P Ͻ 0.05, LVH_PBS vs. SHM_PBS or SHM_SR1 rats; †P Ͻ 0.05, LVH_SR1 vs. SHM_PBS or SHM_SR1 rats; ‡P Ͻ 0.05, LVH_SR1 vs. LVH_PBS rats. incorporation of 13 C from labeled palmitate to endogenous acetyl-CoA pools (F c ; Fig. 6 ) (32, 42) . In this model, palmitate contributed significantly less to mitochondrial ATP production in the LVH_PBS group (66% contribution) compared with the SHM_PBS group (73% contribution) at baseline. These contributions (F c ) were not altered with the overexpression of SERCA1 at baseline in either failing or SHM hearts. F c values were also unchanged during the ␤-adrenergic challenge in SHM_PBS and LVH_PBS groups, again. However, the fractional contribution from palmitate was significantly reduced during the adrenergic challenge in both LVH_SR1_ISO and SHM_SR1_ISO groups (see Fig. 6 ).
13 C NMR analysis of mitochondrial metabolite transport and TCA cycle flux. We also determined whether SERCA1 expression influenced metabolite exchange between the cytosol and mitochondria via the ␣-KG-malate transporter (F1) (i.e., as part of the malate-aspartate shuttle) parallel to changes in the TCA cycle rate (V TCA ). We have previously reported that this balance, which is regulated by calcium-sensitive ␣-KG dehydrogenase, can be measured by 13 C NMR (27, 40) . Sequential 13 C NMR spectra were collected from SHM and LVH hearts to follow the incorporation of the 13 C label from [2, 4, 6, 8, 10, 12, 14, C 8 ]palmitate into endogenous glutamate pools. A nonlinear least-square fit of our established kinetic models of cardiac metabolism to 13 C NMR data for glutamate gave V TCA and F1 (i.e., as part of the malate-aspartate shuttle). The results are shown in Table 3 . In agreement with our recent report (50) , V TCA rates were lower in the LVH_PBS group relative to the SHM_PBS group. These oxidative rates closely followed changes in workload, as expected. With workloads normalized in the LVH_SR1 group relative to the SHM_PBS group, V TCA values were also matched. The ␣-KG-malate transport rates (F1) were nearly similar (nonsignificant difference, P Ͼ 0.05) between LVH_PBS and SHM_PBS groups. This finding supports our earlier study (27) on hypertrophic hearts. In addition, the rate (F1) was not significantly influenced by either the overexpression of SERCA or adrenergic challenge.
DISCUSSION
There were several important findings in this study. First, adenoviral gene transfer of SERCA1 in SHM and aortic banded rat hearts resulted in 1) a 34% increase in total SERCA content. In the isolated heart preparation, this lead to 2) a significant increase in cardiac function in SHM and LVH hearts, 3) without affecting either PCr/ATP at basal and high workloads or 4) the transport of glycolytic reducing equivalents into the mitochondria via the ␣-KG-malate transporter. In addition, 5) the mitochondrial ATP production shifted from fats to carbohydrates at the higher workloads with SERCA1 expression in both SHM and LVH hearts. Consistent with the hypothesis that SERCA1 overexpression leads to accelerated calcium uptake by the SR, the SHM group displayed enhanced relaxation (ϪdP/dt) at both workloads, and LVDP was also significantly potentiated, particularly during the adrenergic challenge. Unexpectedly, enhanced function in the LVH group was linked to increased HR rather than enhanced relaxation or LVDP. Importantly, 6) the improvements observed in the isolated rat heart preparations did not translate to in vivo conditions. Echocardiographic measures of fractional shortening in vivo revealed no changes in function in the SHM group Fig. 4 . Relaxation (ϪdP/dt) from isolated retrograde-perfused rat hearts after Ad.cmv.SERCA1 or PBS delivery to coronaries in aortic banded LVH rats (bottom) and SHM healthy rats (top). Data are presented for ϪdP/dt at basal workloads and during an adrenergic challenge. *Significant difference (P Ͻ 0.05). overexpressing SERCA1, whereas function for the LVH group was further depressed. As discussed below, this disconnect between isolated and in vivo heart data is not entirely unexpected, and it highlights the importance and value of these separate models as we elucidate the role of SERCA and move closer toward a strategy for the genetic treatment of heart disease.
Nonfailing sham hearts overexpressing SERCA1 showed enhanced contractility. We found ( Table 2 , Fig. 3, and Fig. 4 ) that the overexpression of SERCA1 had a modest impact on the RPP, yet a profound impact on contractility rates (ϩdP/dt and ϪdP/dt), in the isolated heart preparation from SHM rats. HR was unaffected. The accelerated relaxation (ϪdP/dt) is consistent with a faster removal of calcium from the cytosol as the number of SERCA pumps are overexpressed. These results compared favorably with functional data reported for isolated, work-performing hearts from SERCA1 transgenic mice (17) . Huke et al. (17) also reported a 20% increase in LVDP, whereas ϩdP/dt and ϪdP/dt nearly doubled, and HR was unchanged. However, much like our own in vivo data, they did not find dramatic changes in vivo (17) . Relaxation parameters were unchanged, and contractile parameters were enhanced to a far lesser degree than in ex vivo experiments. They suggested that the differences between ex vivo and in vivo data reflect the presence of in vivo compensatory mechanisms that "normalize" cardiac function in transgenic mice.
This discordance between ex vivo and in vivo function may be specific to the SERCA1 isoform. In a similar finding, Values are means Ϯ SD. 13 C NMR kinetic analysis provided the tricarboxylic acid cycle flux (VTCA) and metabolite exchange between the mitochondria and cytosol via the ␣-ketoglutamate-malate transporter (F1). 31 P NMR spectroscopy was used to assess energy potential {phosphocreatine (PCr)/ATP}. *P Ͻ 0.05, SHM_SR1_ISO vs. SHM_PBS_ISO groups; †P Ͻ 0.05, SHM_PBS_ISO and SHM_SR1_ISO groups vs. SHM_PBS and SHM_PBS_ISO groups; ‡P Ͻ 0.05, LVH_PBS_ISO and LVH_SR1_ISO groups vs. LVH_PBS and LVH_PBS_ISO groups; §P Ͻ 0.05, LVH vs. SHM groups. Fig. 6 . Percent contribution of palmitate oxidation to mitochondrial ATP production at basal and high workloads (ISO) from SHM or LVH hearts after Ad.cmv.SERCA1 or PBS delivery in vivo. Both SHM and LVH hearts overexpressing SERCA1 showed a decrease in palmitate contribution during the adrenergic challenge (ISO). *Significant difference (P Ͻ 0.05); †significant difference (P Ͻ 0.05).
Logeart and colleagues (29) overexpressed the SERCA1 isoform in the healthy rabbit heart via adenovirus-mediated delivery to LV coronaries. Three days after gene transfer in vivo, SERCA protein levels were up 23% and the maximal rate of Ca 2ϩ uptake had increased by 37%. However, baseline hemodynamics and conventional echocardiographic measurements of global LV function, in vivo, were poorly affected. Modest increases in baseline maximal wall velocities and strain rates were only detected by tissue Doppler imaging. In contrast, in mice with moderate increases in SERCA2a, hemodynamic measurements in vivo revealed significant increases in maximal ϩdP/dt and ϪdP/dt, similar to what was observed in isolated myocytes and isolated papillary muscles (14) .
RPP recovered to normal levels at baseline in the LVH group overexpressing SERCA1. The recovery supports the potential therapeutic value of overexpressing the SERCA1 isoform in humans with LVH heart disease. However, the relaxation rate (ϪdP/dt) and LVDP did not improve with treatment. Instead, the improvement in the RPP was linked to a 20% increase in HR. These hearts were not paced. This finding was unexpected and suggests a physiological link between SERCA function and HR regulation. It is unclear if SERCA influences the electrical excitability and repolarization of cardiomyocytes or potentially the neurons that innervate the heart. Yet, a similar connection has been described for a conditionally mutant SERCA form in Drosophila (49). Sanyal et al (49) found HR strikingly reduced when SERCA activity was inactivated. In addition, Rubio et al. (47) also demonstrated the involvement of augmented Ca 2ϩ cycling in arrhythmogenesis after overexpression of SERCA1 in a L-type voltage-dependent calcium channel-overexpressing transgenic mouse model.
It was also unexpected that the overexpression of SERCA1 in the LVH group did not lead to enhanced LVDP or relaxation rates in isolated hearts. We originally hypothesized that the overexpression of SERCA1 would lead to a faster calcium uptake by the SR, thereby accelerating relaxation and potentiating LVDP. However, our finding was more consistent with the hypothesis that calcium sequestration by the SR may not be the limiting factor affecting LVDP and relaxation in the failing heart (22, 43) . In brief, if reuptake of Ca 2ϩ becomes too fast, the cytoplasmic calcium concentration near the myofilaments will decline rapidly, preventing the appropriate activation of myofilaments and hindering adequate force development (22, 54) . Thus, the SR competes with troponin C for calcium binding (16, 22, 30, 54) . In heart failure, the calcium sensitivity of myofilaments is increased in both human and rodent models (for a review, see Ref. 15) . A potential adverse effect of increasing calcium sensitivity is slowed relaxation and diastolic dysfunction (31) . If myofilament properties are limiting the relaxation rate and force development in heart failure, the overexpression of SERCA would be competitive and deleterious.
In addition, the majority of studies that concluded that calcium sequestration limited the relaxation rate were performed in isolated cardiomyocytes. Under such unloaded conditions, cross-bridges cycle much faster than loaded crossbridges, and the sequestration rate by the SR may indeed limit cytosolic calcium decline (21) . However, under loaded conditions, relaxation of the myocardium may be more closely linked to myofilment properties (21, 22) . Indeed, Teucher and colleagues (54) also reported that moderate SERCA1 gene transfer and expression improved contractility and Ca 2ϩ cycling in cardiomyocytes. However, higher SERCA1 expression levels impaired myocyte shortening because of higher SERCA activity and Ca 2ϩ buffering (54). Vangheluwe et al. (59) also demonstrated that replacement of the SERCA2a isoform with SERCA2b, an isoform with increased Ca 2ϩ affinity, led to severe cardiac hypertrophy, stress intolerance, and a reduced life span in transgenic mice.
SERCA1 overexpression potentiated the functional response of healthy and hypertrophic hearts to ISO. An important finding in this study was that the ␤-adrenergic response (LVDP, ϮdP/dt, and HR) was dramatically enhanced in healthy rat hearts overexpressing SERCA1. This is in contrast to what has been reported for transgenic mice overexpressing SERCA1. Huke et al. (17) reported that the ␤-adrenergic response was dramatically reduced in isolated transgenic hearts relative to the response of nontransgenic hearts. They suggested that the improvements observed with SERCA1 overexpression at baseline may have been maximal. Their finding is consistent with the level of SERCA2a and phospholamban expressed in those hearts. Unlike SERCA1, SERCA2a is regulated by the PKA-dependent phosphorylation of phospholamban in response to catecholamines. This stimulation of the Ca 2ϩ uptake rate by catecholamines appears to be the main means by which ␤-adrenergic agonists accelerate relaxation in the heart (28) . With the total SERCA content increased by 150% in SERCA1 transgenic animals, the endogenous SERCA2 content was reduced by 50% (17, 25, 30) . It is reasonable to predict a reduction in the adrenergic response of the catecholamine-sensitive phospholamban/SERCA2 interaction. In our in vivo model, whereas the total SERCA content was increased by 34%, SERCA2a content was not reduced, and the heart remained responsive to the adrenergic challenge.
Importantly, the LVH_SR1_ISO group also remained responsive to the adrenergic challenge. It has been widely reported that ␤-adrenergic receptor density and responsiveness in the failing heart reduces as the heart progresses toward latestage failure (4, 57) . At the early stage of the disease (10 wk postbanding), the adrenergic response is still intact. We found that the response was not compromised with SERCA1 expression. In fact, the RPP was normalized in the LVH_SR1_ISO group relative to the SHM_PBS_ISO group. Consistent with the baseline results, the improvement in the RPP in LVH_SR1_ISO hearts was linked solely to an increase in HR and not LVDP or the relaxation rate.
Exogenous fatty acid contributes less to mitochondrial ATP production with SERCA1 overexpression in healthy and hypertrophic hearts at higher workloads. Whereas a number of studies have reported functional changes in the SERCA-overexpressing heart, only a few studies have examined metabolic changes (2, 8) . In one such study, Belke et al. (2) followed fatty acid and glucose oxidation in an isolated heart preparation from transgenic mice overexpressing SERCA2. They found that the balance of substrate oxidation shifted from fats (palmitate) to carbohydrates (glucose) with SERCA overexpression at baseline workloads without an increase in glycolytic rates. They linked the shift to a measured increase in pyruvate dehydrogenase activity and mitochondrial calcium. They concluded that the higher mitochondrial calcium levels stimulated the calcium-sensitive pyruvate dehydrogenase complex to increase pyruvate oxidation.
Although we observed no shift in substrate selection at baseline workloads with SERCA1 expression, oxidation did shift from fats to carbohydrates in both groups at higher workloads. In agreement with our previous report (42) , this shift was not observed in PBS groups going from low to high workloads. That is, the balance between fatty acid and carbohydrate oxidation did not change with increases in workload in nonfailing, isolated, retrograde-perfused hearts (42) . Therefore, the shift with SERCA expression in the SHM group represents a more efficient selection of substrates (in terms of oxygen cost) that accompanies the improved contractile performance. In the LVH group, this shift may have therapeutic value. Several studies have reported that drugs (ranolazine and trimetazine) designed to force this shift in heart disease are accompanied by improved cardiac function and an increase in the myocardial energy potential (PCr/ATP) (10, 11, 51, 58) .
The energetic state (PCr/ATP) of healthy and hypertrophic hearts is sustained with enhanced function after the overexpression of SERCA1.
31 P NMR is the only noninvasive technique capable of measuring PCr, ATP, and inorganic phosphate in the intact beating heart. PCr/ATP is one indicator of the energetic state of the myocardium, and a reduction in PCr/ATP is interpreted as a loss of energy reserve (for a review, see Ref. 53) . Our group and others have shown a drop in PCr content and PCr/ATP in the failing myocardium, consistent with a drop in total creatine content and the creatine kinase reaction velocity (41, 56) . Importantly, it has been reported that the reduced energy state of the failing heart is improved by overexpressing the SERCA2a isoform in aortic banded rat hearts (8) . Whether this improvement could be sustained for extended periods of stress (i.e., ␤-adrenergic stimulation, 40 min) was not determined. In addition, the hearts in the previous study were retrograde perfused with glucose alone, and PCr/ATP actually declined in the normal SHM group with SERCA overexpression. Thus, the energetic costs involved in improving contractile function with SERCA are still incompletely understood. Our 31 P NMR measures of PCr and ATP were performed under a more physiological provision of substrates (glucose and palmitate) at both basal and high workloads. In contrast to the previous energetic study cited above (8) , PCr/ATP (1.7) was not compromised in the SHM_SR1 group compared with the SHM_PBS group (1.8). This energetic state was sustained in both SHM groups during the adrenergic challenge, even though the SHM_SR1_ISO group demonstrated significantly greater function than the SHM_PBS_ISO group (Table 3) .
In the banded group at baseline, PCr/ATP was low (LVH_PBS group: 1.4), as expected for this stage of the disease (41, 53, 56) . In contrast to results of the previously reported study for SERCA2a (8) , overexpression of the SERCA1 isoform in banded animals did not improve the ratio (LVH_SR1 group: 1.2, nonsignificant difference) even though function was enhanced. Importantly, PCr/ATP did not reduce further throughout the 40-min adrenergic challenge despite enhanced function.
The maintenance of the energetic ratio does not necessarily indicate that metabolic processes are intact and meeting demands. Measuring PCr/ATP values has the disadvantage that it underestimates the change in PCr when ATP levels are also reduced. Therefore, the quantification of PCr and ATP is valuable. Although direct quantification of high-energy metabolite concentrations was beyond the scope of this study, we did assess the percent change in PCr and ATP levels going from baseline to high workloads (i.e., baseline PCr and ATP levels were used as an internal reference). After 40 min of adrenergic challenge, both PCr and ATP were 10% lower in the SHM_SAL_ISO group relative to pre-ISO values, 20% reduced in the SHM_SR1_ISO group, 22% in the LVH_SAL_ISO group, and 19% in the LVH_SR1_ISO group. This drop in ATP raises concerns about the energy available to drive ATP-ase reactions.
Others have raised concerns that the overexpression of SERCA in the heart could limit the free energy (⌬G) of ATP/ADP needed to drive enzymatic reactions (8) . In the normal heart, ⌬G is Ϫ58 kJ/mol (55) . The ATP-ase SERCA will stop functioning properly below a threshold value for ⌬G of about Ϫ52 kJ/mol (8, 55) . If ATP levels decrease and ADP levels rise, ⌬G needed to drive SERCA could be compromised, and, in turn, relaxation rates slowed and contractility reduced. Our findings indicate that this is not an issue. Indeed, we did observe a drop in ATP levels with the adrenergic challenge in the isolated hearts, but the response to SERCA overexpression was not compromised. In fact, function (RPP) was enhanced.
TCA cycle flux and ␣-KG-malate transport activity. We examined whether a change in calcium levels due to hypertrophy or SERCA overexpression could influence the calciumsensitive dehydrogenase of the TCA cycle and impact metabolite exchange between the mitochondria and cytosol. More specifically, we have shown, in a previous study, that an increase in average cellular calcium levels increased the affinity of calcium-sensitive ␣-KG dehydrogenase for the substrate ␣-KG, thereby outcompeting the ␣-KG-malate transporter for ␣-KG (13, 26, 40) . The ␣-KG-malate transporter is part of the malate-aspartate shuttle and is key to bringing reducing equivalents generated by glycolysis into the mitochondria for ATP production (13, 26) . As measured by 13 C NMR, ␣-KG-malate transport was reduced in the previous study at the higher calcium levels for a given workload. A loss in malate-aspartate shuttle activity for a given workload represents a loss in efficient utilization of metabolic substrates.
It has been widely reported that pressure-overload hypertrophy is characterized by cytosolic calcium overload as the disease progresses to late-stage failure (3, 7, 12) . Thus, one might speculate that the ␣-KG-malate transport rate may be reduced in the LVH_PBS group relative to the SHM_PBS group as a consequence of calcium overload. However, in support of our previous report (27) , ␣-KG-malate transport rates (F1; Table 3 ) were nearly equal between LVH_PBS and SHM_PBS groups (nonsignificant difference, P Ͼ 0.05). In our previous study (27) , we reported that the rate was increased twofold at 2 wk postbanding but returned to normal rates by 10 wk. It is unknown if F1 continues to drop as the disease progresses from compensated hypertrophy to the later stages of cardiac failure. This may, in fact, account for the slightly lower trend (nonsignificant) observed for the LVH group in this study. In addition, we show here, for the first time, that F1 did not increase with adrenergic challenge or V TCA (i.e., with ISO) in both SHM and LVH groups.
We did questioned whether the overexpression of SERCA could influence cytosolic and mitochondrial calcium levels enough to affect the activity of the ␣-KG-malate transporter. Indeed, Belke and colleagues (2) reported that mitochondrial calcium was greater in paced cardiomyocytes isolated from transgenic mice overexpressing SERCA2. Thus, there is the potential that F1 could be reduced and limit mitochondrial oxidation of NADH produced via glycolysis. As shown in Table 3 , we found ␣-KG-malate transport rates (F1) were not significantly affected by SERCA1 overexpression. In particular, F1 was similar for SHM_PBS and SHM_SR1 groups. Likewise, LVH_PBS and LVH_SR1 groups were unchanged. This finding indicates that metabolic efficiency, in terms of glycolytic NADH transport into the mitochondria, was not compromised with the overexpression of SERCA1 in SHM and LVH hearts.
Limitations. The ex vivo hearts were not paced in the spectrometer. HR and cardiac function were recorded parallel to NMR measures of metabolism inside the 9.4-T NMR magnet throughout the duration of the protocol. Pacing the isolated hearts inside the magnet would require positioning metal pacing leads directly on the heart and within the NMR-radio frequency (RF) coil. This approach is highly susceptible to RF noise and is not routinely used. Importantly, we found that nonpaced HRs increased with the overexpression of SERCA1. Had HRs been paced and normalized to the slower control rates (similar to experimental conditions set for isolated cardiomyocytes experiments), LVDPs may have increased (forcefrequency) and influenced the outcome and conclusions of the study. While paced experiments would provide additional insight into this study, the nonpaced experiments underscore the role of SERCA overexpression on intrinsic HRs, which is poorly understood.
A second limitation involved the decision to use PBS rather than LacZ, green fluorescent protein (GFP), or empty virus as the control group in these experiments. This decision was based on several previous studies that indicated that reporter genes expressed in cardiomyocytes influence function. Weisser-Thomas et al. (62) reported a significant reduction in contraction amplitude in cardiomyocytes after Ad.cmv.LacZ infection relative to noninfected cells. Similarly, Izumo and Shioi (20) found that GFP could produce contractile dysfunction in a transgenic mouse heart in which GFP was expressed, and Lafont et al. (24) observed vasomotor dysfunction with Ad.LacZ in rabbit arteries. Consequently, contractility data for SERCA gene transfer could be misinterpreted if compared with LacZ or GFP controls. These effects have yet to be resolved for intact functioning healthy/failing hearts, and they were not an aim of this study.
Summary. Although previous cardiomyocyte data and nonhypertrophic transgenic mouse models have revealed important and positive functional and metabolic responses to SERCA1 isoform overexpression, this study extends those earlier findings to include the intact functioning hypertrophic heart expressing SERCA1 under both in vivo and ex vivo conditions. In support of previous work, we found that the overexpression of SERCA1 in isolated heart preparations resulted in enhanced function and sustained energy potentials. At higher workloads, SERCA1 expression influenced energy metabolism by increasing glucose oxidation, thereby potentially making overall energy production more efficient. However, under the fully loaded in vivo condition, function was not affected in healthy hearts overexpressing SERCA1 at basal workloads, and hypertrophic hearts revealed depressed function with SERCA1 expression. Further investigation is required to determine if this is a consequence of whole body compensatory mechanisms or a limitation in the competitive handling of calcium between the SR versus myofilaments.
